Abstract Antioxidants are well known for their neuroprotective properties against reactive oxygen species in cortical neurons and auditory cells. We recently identified L-carnitine and D-methionine to be among agents that provide such protection. Here, we investigated their neuronal modulatory actions. We used cultured neuronal networks grown on microelectrode arrays to assess the effects of L-carnitine and D-methionine on network function. Spike production and burst properties of neuronal networks were used as parameters to monitor pharmacological responses. L-Carnitine and D-methionine reduced spike activity with 100 % efficacy with EC 50 values of 0.22 (±0.01) mM and 1.06 (±0.05) mM, respectively. In the presence of 1.0-40 lM of the GABA A antagonist bicuculline, the sigmoidal concentration-response curves of both compounds exhibited stepwise shifts, without a change in efficacy. Under a maximal bicuculline concentration of 40 lM, the EC 50 increased to 3.57 (±0.26) mM for L-carnitine and to 10.52 (±0.97) mM for D-methionine, more than a tenfold increase. The agonist-antagonist interactions with bicuculline were estimated by Lineweaver-Burk plot analyses to be competitive, corroborated by the computed dissociation constants of bicuculline. For both compounds, the effects on the network burst pattern, activity reversibility, and bicuculline antagonism resembled that elicited by the GABA A agonist muscimol. We showed that the antioxidants L-carnitine and D-methionine modulate cortical electrical spike activity primarily through GABA A receptor activation. Our findings suggest the involvement of GABAergic mechanisms that perhaps contribute to the protective actions of these compounds.
Introduction
Oxidative stress due to increased reactive oxygen species (ROS) production is considered one of the major causes of neuronal degeneration (Sesti et al. 2010; Napolitano et al. 2011) , and may participate in many PNS or CNS disorders such as hearing loss, Alzheimer disease, Parkinson disease, and epilepsy. For neurons under ROS stress, a variety of essential cellular components undergo peroxidation that leads to metabolic imbalance, impaired mitochondrial function, depletion of the antioxidant system, and disruption of membrane ion conduction (Waldbaum and Patel 2010; Palacios et al. 2011; Nisticò et al. 2011 ). In the cochlea, increased ROS production is coupled to ototoxicinduced hearing loss (Rybak et al. 2007; Poirrier et al. 2010) , with damaging effects extending to the cortical areas of the central auditory pathways, and causing aberrant conditions such as tinnitus (Rybak 2005) . Thus, strategies to combat the effects of ROS stress are needed for both prevention and treatment of inflammation, neurodegeneration, and concomitant conditions. In recent years, several antioxidants have shown the ability to protect neurons from ROS toxicity and degeneration. L-Carnitine, among a wide array of target neuroprotective agents, is of particular interest in neurons due to its role in amino acid synthesis, ATP metabolism, mitochondrial fatty acid transport, as well as its antioxidant effects (Gülçin 2006; Jones et al. 2010; Nalecz et al. 2004; Silva-Adaya et al. 2008) . Studies of murine cortical neurons have shown that L-carnitine effectively blocked neuronal apoptosis induced by increased ROS after anesthesia exposure (Zou et al. 2008) , attenuated the effect of methamphetamine-induced neurotoxicity, diminished the effects of other mitochondrial toxins (Virmani et al. 2003) , and reduced neuronal loss due to oxidative stress in animals with Huntington's disease (Vamos et al. 2010) . Our earlier study also reported the effect of L-carnitine in neurons exposed to the convulsant agent pentylenetetrazol and demonstrated that L-carnitine can be considered a potential candidate to attenuate over-excitation in cortical networks (Wu et al. 2011) .
The common result of oxidative stress damage to the inner ear is hearing loss, the causes being primarily noise exposure, aging, genetic predisposition, or ototoxicity from prescribed medications (Henderson et al. 2006; Rybak et al. 2007 ). In the cochlea, where the injuryinduced ROS level is often cumulative due to the closed system of the inner ear physiology, prevention and protection by antioxidants have been a major focus of past research. Several antioxidants such as sodium thiosulfate, D-methionine, and N-acetylcysteine have been reported to reduce oxidative stress in cochlear tissues and ameliorate hearing loss induced by noise or chemical insults (Blakley et al. 2002; Lorito et al. 2011) . Our previous study focused on the neuroprotective properties of D-methionine, and showed that this compound was protective against cisplatin-induced toxicity in cortical networks (Gopal et al. 2012) .
While continuing to search for effective neuroprotective agents, it is important to determine the underlying mechanism of action of these target therapeutic agents. Our studies previously alluded to the inhibitory effects of L-carnitine and D-methionine on neuronal activity, as both compounds attenuated over-excitation (Wu et al. 2011; Gopal et al. 2012) . We suggest that inhibitory neurotransmission driven by the GABAergic system may be a direct cause of activity attenuation. Using rapid electrophysiological functional assays, we report a novel characteristic of L-carnitine as well as D-methionine, and present data suggesting inhibition of neuronal activity through GABA A receptor activation. To our knowledge, this is the first study showing that these key neuroprotective antioxidants, L-carnitine and D-methionine exhibit modulatory responses that strongly implicate the GABAergic system.
Methods

Neuronal cell culture on microelectrode arrays
All procedures involving animals in this study were approved by and conducted in accordance with the guidelines of the University of North Texas Institutional Animal Care and use Committee. In-house fabrication and preparation of microelectrode arrays have been described in earlier publications (see Gross et al. 1985) . A single type of MEA plate, with 1 9 1 mm 2 recording area of an 8 9 8 electrode matrix, was used with equidistant electrode spacing of 150 lm. Standard cell culture techniques have also been described previously for cortical tissues (Gopal and Gross 1996; Keefer et al. 2001) . Cortical tissues were dissociated from mouse embryos (Balb-C/ICR, E17), minced, and digested with papain, followed by trituration in Dulbecco's Modified Minimal Essential Medium (DMEM) with 4 % fetal bovine serum and 4 % horse serum. The cell suspension was seeded at 70-80 K cells/ 100 ll with all cell types present in the parent tissue at the time of isolation. Cells were plated onto MEAs-surface coated with poly-D-lysine and laminin-in volumes of 0.1 ml to a 3.0 mm diameter adhesion island. Cultures were transitioned to 6 % horse serum medium after 5-7 days and maintained biweekly by half medium changes. All media were supplemented with 2 % B-27 (Gibco, Grand Island, NY). The incubator environment was maintained at 10 % CO 2 and 90 % air, at 37°C. The medium was monitored and kept at 300-320 mOsm/kg. In this study, the average culture age was 31 (±1.0) days in vitro (range 18-42 days in vitro). No attempt was made to control glial growth with antimitotics.
Electrophysiological recordings
The recording instrumentation has been described previously (Keefer et al. 2001; Gopal et al. 2007 ). Microelectrode arrays were assembled into sterile recording chambers consisting of stainless steel chamber blocks mounted on heated base plates (Gross and Schwalm 1994) on an inverted microscope stage. The temperature was maintained at 37 ± 0.2°C by a custom thermocouplecontrolled power supply providing DC current to power resistors on the base plate. After chamber assembly and recording channel assignment, the original medium was replaced by fresh DMEM stock medium without serum. The pH was maintained at 7.4 with a continuous 10 ml/min stream of filtered 10 % CO 2 in air, confined by a chamber cap that allowed microscope observation during recordings (Gross and Schwalm 1994) . A syringe infusion pump (Harvard Apparatus Pump 11) compensated for evaporation due to the dry airflow with sterile water injection of approximately 60 ll/h (Rijal and Gross 2008) . Drug stock solutions were prepared in water at concentrations that minimized osmolarity changes in the 2.0 ml constant volume experimental bath (usually \1.0 % of total volume). D-Methionine and L-carnitine were obtained from SigmaAldrich (St. Louis, MO) in powder form. Neuronal activity was recorded with a 64-channel amplifier system (Plexon Inc., Dallas, TX) and digitized simultaneously at 40 kHz. Total system gain was set to 1.1 9 10 4 . Spike identification and separation were accomplished with a real-time template-matching algorithm (Plexon Inc., Dallas, TX) to provide single-unit spike rate data. Electrodes/channels were assigned to 64 digital signal processors (DSP). Depending on wave shape and signal amplitude, each DSP could discriminate up to four different action potential waveforms (units) in real time and assign them to separate output channels.
Data analyses
All electrophysiological activity was displayed over the course of an experiment using total spike rate from all discriminated active units within the culture in 1-min bins. The term ''unit'' refers to any cellular compartment that generated action potentials of a size that allowed discrimination via template matching and detection via threshold crossing at *29 RMS noise. All real-time computer displays plotted also the active channels per minute based on the number of threshold crossings exceeding 10/min for a specific template. For quantification purposes, all data were normalized by calculating percent activity changes from the reference activity established by each respective network under serum free medium. This approach required establishment of drug/receptor equilibrium conditions that are reflected in stable temporal network activity. Transition activity phases after compound additions were ignored and only the horizontal ''minute mean'' activity plateaus were used for analyses. Compound-induced activity was therefore normalized and expressed as percent decrease from the internal reference. This approach provided reproducible concentration-response curves obtained from different networks, and also allowed for calculation of dissociation constants (Rijal and Gross 2008) . Methods for burst identification have been described previously (Morefield et al. 2000) . Briefly, bursts were derived from spike integration with a time constant of 100 ms for each discriminated unit. The integrated burst profiles were quantified using two thresholds: the first threshold marked the starting point of the burst, while the second threshold determined if the burst profile size were sufficient to be included in the analysis. Threshold levels were determined off-line by comparing integrated burst identification with visual inspection of the raster plots that show the actual burst activity for the same time period. Two parameters of burst were quantified in this study: burst period (interval from the beginning of a burst to the beginning of the next burst) and burst duration (time span of spike occurrence within a burst). Drug-induced changes in burst duration and period were normalized and compared across different networks. All average values were expressed as mean and standard error. The number of observation (n) listed in each result indicated the number of individual networks used-a total of n = 69 networks were used in this study. Statistical analyses, curve fitting, and linear and nonlinear regressions were accomplished with Prism (Graphpad, La Jolla, CA). Significance was established by analysis of variance (ANOVA) with Tukey's post hoc tests at a significance level of 0.05.
Results
Neuronal network responses to L-carnitine and D-methionine
The real-time data of a typical frontal cortex network responding to increasing concentrations of L-carnitine and D-methionine are displayed in Fig. 1a , b, as total network spike production/min. After transition from a serum-containing to a serum-free medium, a 30-min stabilized period was recorded to provide a temporally stable reference activity plateau (Fig. 1a, b) . Subsequently, the networks generated relatively stable plateaus of spike activity after the application of each dose. Although different networks may have widely varying reference activities, the normalization process worked very well for each network and allowed for the plotting of the average concentrationresponse curves with minimal deviations (Fig. 1c) .
L-Carnitine administered between 0.05 and 1.0 mM induced a gradual, but discernible decrease in spike production (Fig. 1a) . The spike activity was lost at a concentration of 2.0 mM. The active unit count, representing the number of discriminated units with more than ten threshold crossings/min, showed a delayed decrease with pronounced changes after the application of 0.6 mM of L-carnitine. Following two complete washes, the electrophysiological activity was fully restored to the reference level, i.e., with a 100 % recovery of active units. The concentration response data from networks exposed to L-carnitine are depicted in Fig. 1c . The mean EC 50 was 0.22 (±0.01) mM (n = 6). D-Methionine also showed a stepwise decrease in spike activity (Fig. 1b) . At a concentration of 10 mM, spike activity was reduced to\10 % of the reference level, while more than half of the selected neuronal units were still active, but fully recovered with two medium changes (W; Fig. 1b) . The EC 50 value for D-methionine was calculated to be 1.06 (±0.06) mM (n = 6; Fig. 1c ).
Network responses to L-carnitine and D-methionine in the presence of the GABA A antagonist bicuculline Bicuculline is a competitive antagonist of the ionotropic GABA A receptor. In networks pretreated (30-60 min) with 40-lM bicuculline, higher concentrations of L-carnitine and D-methionine were needed to reach a 50 % inhibition level (Fig. 2a, b) . L-Carnitine at a concentration of 2.0 mM, which completely inhibited spike activity and active units in networks without bicuculline treatment, caused a 50 % decrease in spike activity and a 20 % decrease in active unit counts (Fig. 2a) . However, a 90 % inhibition level occurred at a concentration of 50 mM (data not shown). D-Methionine titration was affected also by the presence of 40-lM bicuculline. D-Methionine of 1.0 mM concentration, which caused a 50 % spike reduction in networks that were not exposed to bicuculline, had no effect on spike or unit reduction (Fig. 2b) . The EC 50 values for D-methionine ranged from 8 to 12 mM in the presence of 40-lM bicuculline. The active unit count remained unaffected by the increased D-methionine concentration (up to 50 mM). Despite the high concentrations used, two medium changes to fresh serum-free DMEM completely restored the spontaneous electrophysiological activity of both drugs to the native, non-bicuculline level (Fig. 2a, b) . This recovery was characterized by the percent change relative to the native spike activity, with full recovery to 100 % (Fig. 2c) . To test whether complete recovery of network spike activity from high concentrations of L-carnitine or D-methionine was achievable without bicuculline pre-treatment, single applications of 24 and 50 mM (for 30 min) were used. The inhibitory actions of both drugs were highly reversible with percent recovery that was not statistically different from 100 % (Fig. 2c) . No visible morphological changes of the cultures were observed under these high concentrations of L-carnitine or D-methionine (Fig. 2d, e) .
Network burst patterns under L-carnitine and Dmethionine
The shift of potency for L-carnitine and D-methionine by bicuculline suggests agonist-antagonist interactions at the GABA A receptor. Total and rapid reversibility of the neuronal spike activity following complete medium replacement (wash) also showed that L-carnitine and D-methionine may be exerting their effects via membrane receptor activation. To further elucidate the agonist action of the GABA A receptor(s), we compared the change in network burst patterns under L-carnitine and D-methionine to that under muscimol, a potent GABA A agonist. The raster plot displays of sample spontaneous spike-train sequence of typical networks under serumfree DMEM are shown in Fig. 3a, b . Each spike cluster, with coordinated firing of multiple units, forms the burst activity in the networks. To quantify the pattern, we used two parameters-burst period and burst duration. Burst period defines the interval from the beginning of a burst to the beginning of the next burst; burst duration marks the time span of spike occurrence within a burst. For both L-carnitine and D-methionine, the burst period increased as activity decreased stepwise with an increase in the concentrations of the drugs, while burst duration decreased as an indication of diminished burst strength (Fig. 3c, d) .
From an analysis of previously published data (Rijal and Gross 2008) , muscimol at its EC 50 of 0.14 lM increased the burst period by 2.3 ± 0.6-fold and at its EC 90 (0.5 lM) by 40.3 ± 14.2-fold (Fig. 3e) . When the networks were pretreated with 40-lM bicuculline, the burst period increases were not observed. Relative fold changes of burst period under L-carnitine and D-methionine at both the EC 50 and the EC 90 are comparable to the data generated by muscimol (F 2,22 = 0.01, P = 0.99 and F 2,14 = 3.5, P = 0.064, respectively). However, the change in the burst duration pattern exhibited pronounced differences between L-carnitine, D-methionine, and muscimol (Fig. 3f) . At their respective EC 50 values, the burst duration changes by L-carnitine and D-methionine were comparable to that by muscimol (F 2,20 = 0.41, P = 0.67). At the EC 90 s, the effect of muscimol was different (Tukey's post hoc, P \ 0.05) for both L-carnitine and D-methionine (F 2,15 = 5.46, P = 0.012) as no reduction in burst duration was observed while L-carnitine and D-methionine induced -26.7 % (±5.2) and -29.6 (±6.0) changes. Nevertheless, no burst changes were observed in the presence of 40-lM bicuculline. Thisas well as the resemblance of network activity changes to muscimol-indicated a possible involvement of the GABA A receptor in the modulation of neuronal network burst properties by L-carnitine and D-methionine.
Quantification of antagonism at the GABA A receptor
To determine whether the shifts in potency are concentration dependent, various concentrations of bicuculline ranging from 0.5 to 40 lM were used with titrations of L-carnitine and D-methionine (Fig. 4a, b) . The EC 50 value of L-carnitine under 1.0 lM bicuculline was shifted from 0.22 to 0.42 lM, although the Hill slope (n H ) did not exhibit a significant change ( Fig. 4a ; Table 1 ). Bicuculline at a concentration of 5.0 lM caused an eightfold increase in the EC 50 , as well as a substantial reduction of n H . For concentrations of bicuculline of 10 and 40 lM, there was no significant change in the slope function and only a small increase of the EC 50 was observed. In contrast to the effect on L-carnitine, bicuculline shifted the D-methionine concentration-response curves in a more stepwise manner, with less variability in n H , indicating a better-defined agonist-antagonist relationship (Fig. 4b) . In the presence of bicuculline at 40 lM, the EC 50 values of L-carnitine and D-methionine both exhibited a greater than tenfold increase, without affecting efficacy. Lineweaver-Burk plots were used to define the behavior of the antagonist ( Fig. 4c-d ; Emaduddin and Takeuchi 1996) . For both L-carnitine and D-methionine responses, bicuculline predominately increased the linear slopes with only minor changes of the y-intercept values (Table 1 )-a characteristic that supports competitive antagonism. The EC 50 shift as a function of antagonist concentration can therefore be plotted to determine dissociation constants by modified Gaddum equations (Gaddum 1957; Lew and Angus 1995) . The pEC 50 values of both compounds were extrapolated and plotted against the molar concentration of bicuculline (Fig. 5a ) and the nonlinear regression parameters listed (Table 2 ). For competitive interaction between agonist and antagonist, the slope is defined to be 1.0. The dissociation constant (pA2) of bicuculline calculated by both the agonists L-carnitine and D-methionine were comparable-5.7 and 5.2, respectively ( Table 2 ). The data of D-methionine has a lower goodness-of-fit value (R 2 ) than that of L-carnitine (0.67 compared to 0.90, respectively), which may suggest that the pA2 value of 5.2 calculated from D-methionine was prone to a larger margin of error (Table 2 ). Figure 5b shows the linear relations using the log-log Clark plot of the modified Gaddum equation. These pA2 values were lower than that calculated by muscimol (6.2), but approaching the range in the results of the literature (5.7-6.2; Rijal and Gross 2008) . Our results may suggest competitive antagonism for both drugs when bicuculline is present at the putative GABA A receptor.
Discussion
L-Carnitine and D-methionine are both antioxidant compounds, but with different therapeutic implications. L-Carnitine is endogenously produced, derived from dietary sources, and is present in all tissue as a mitochondrial lipid transport carrier and energy precursor and, thus, plays important roles in diverse systemic disorders such as liver disease, kidney disease, endocrine disorders, and neurodegenerative diseases (Vaz and Wanders 2002; Silva-Adaya et al. 2008; Flanagan et al. 2010 ). D-Methionine is not endogenously present, and it has only been linked to ototoxic protection in recent years (Campbell et al. 2007; Dinh and Water 2009) . Nonetheless, studies of the actions of both compounds in combating degenerative disorders have relied on the common mechanism of antioxidant activity as the basis for their potential use as neuro-and otoprotective agents (Gülçin 2006; Samson et al. 2008) .
Our previous studies were among the first to adapt functional studies of neuronal networks for testing the protective properties of L-carnitine and D-methionine (Wu et al. 2011; Gopal et al. 2012) . We observed that both compounds elicited consistent inhibitory responses in neuronal networks. However, neuronal modulatory properties such as that which is seen in the presence of GABAergic agents were not emphasized previously. We have now shown that the effect of L-carnitine and D-methionine resemble agonists of the GABA A receptor. The hypothesis is supported by the clear shift of their concentrationresponse curves in the presence of bicuculline, a GABA A receptor antagonist. The Lineweaver-Burk plot analysis showed that the shifts in potency of L-carnitine and D-methionine in the presence of bicuculline might be due to a mechanism or mechanisms of competitive antagonism.
Other types of antagonistic behaviors may also be possible, as the Lineweaver-Burk plots exhibited minor shifts in the y-intercepts and the Hill slopes of the concentrationresponse curves were non-uniform. Using nonlinear regression, the calculated dissociation constant of bicuculline was well within the established values present in the literature (see Rijal and Gross 2008) , which further suggested the roles of L-carnitine and D-methionine as GABA A activators. The patterns of spike inhibition (for both compounds) also resembled that elicited by the GABA A agonist muscimol. Furthermore, high (\50 mM) concentrations of the compounds did not cause morphological damage to the networks and the effects were completely reversible electrophysiologically. The resultant rapid responses are highly stereotypic of plasma membrane receptor function. Nevertheless, only ligand-binding assays may offer direct evidence of physical interaction between the two antioxidant compounds and bicuculline at the GABA A site (Smith and Simpson 2003) . A few studies have already linked L-carnitine to neuronal GABAergic modulation. An alternative form, acetyl-Lcarnitine, the active metabolite formed by free L-carnitine and acetyl-CoA, elevates GABA concentration in mouse substantia nigra in vivo (Fariello et al. 1988) . Two separate studies concluded that acetyl-L-carnitine is involved in the production of releasable glutamate (a GABA precursor), as well as GABA quantification through bioradiography imaging (Tanaka et al. 2003) and NMR spectroscopy (Scafidi et al. 2010) . Our results do not rule out the role of L-carnitine in neurotransmitter synthesis, yet the reported increase in GABA concentrations cannot fully account for the large, persistent inhibitory patterns that we observed in this study. Increases in synaptic GABA concentration reported in the aforementioned studies occur on the time scale between hours to days; whereas we observed an almost immediate response to L-carnitine administration (Fig. 1a) .
Discernible electrophysiological responses of neurons to L-carnitine, thus, may be linked to plasma membrane receptor modulations. Lombardo et al. (2004) observed an increase in membrane after-hyperpolarization upon administration of 50 lM to 2.0 mM acetyl-L-carnitine, recorded from segmental ganglion neurons of adult leeches. Computational modeling of the acetyl-L-carnitineinduced effects resulted in a systemic decrement in action potential production (Lombardo et al. 2004 ). This conclusion, albeit implying a possible potassium effect (afterhyperpolarization) of L-carnitine, can also support our observations from direct neuronal network recordings C is a fitting constant (see Lew and Angus 1995) using the microelectrode array system. This platform of network electrophysiology, moreover, enabled us to observe patterns of neuronal activity that are not accessible through, e.g., single-channel techniques (Rijal and Gross 2008; Johnstone et al. 2010) . It is essential to note that bicuculline, other than its specific action of competitive GABA A antagonism, also antagonizes the nicotinic acetylcholine receptor at higher concentrations (about tenfold higher than its IC 50 of GABA A binding; Demuro et al. 2001 ). L-Carnitine plays an intricate role in acetylcholine metabolism as well as stimulates cholinergic neurotransmission (Nalecz et al. 2004; Di Cesare Mannelli et al. 2009 ). It is unlikely that nicotinic acetylcholine receptors were primarily responsible for the bicuculline-mediated curve shift, since nicotinic acetylcholine receptor modulation produce minimal activity change. We recognize also that there may be undetected cholinergic contribution to L-carnitine-mediated activity inhibition.
D-Methionine has a more obscure mechanistic profile. The cytoprotective properties were identified by the action of the thiol group for free radical scavenging (Vogt 1995) . Major findings on the effect of D-methionine were obtained in vivo (Campbell et al. 2003 ) and specifically against noise or chemical (especially cisplatin)-induced oxidative insult on inner ear cochlear tissues. Campbell et al. (2003) alluded to the fact that the protective properties of D-methionine may in part originate from its ability to increase endogenous antioxidant concentrations, but others also suggested the direct chelation of D-methionine to platinum toxins (Ekborn et al. 2002) . As the effect of Dmethionine or its protective action against platinum toxicity on electrophysiologically active neurons was uncharted, our studies suggesting GABA A involvement provides a heretofore novel perspective.
Another possible mechanism for D-methionine-induced activity suppression may be a secondary effect of glutathione. The thiol-containing reducing agent, directly acting as a scavenger for ROS, also plays a role in redox modulation of the GABA A receptor and activation of Cl -currents (Amato et al. 1999; Wilkins and Smart 2002) . However, glutathione and other reducing antioxidants failed to induce a network inhibition (preliminary data, not shown). Glutathione is also implicated in the metabolism of glutamate (Koga et al. 2011 ), but as in the case for L-carnitine, metabolic contributions of neurochemicals do not produce very rapid concentration-dependent network responses, as can be seen with direct receptor activation. However, it must be noted that in our neuronal/glial coculture system-a benefit as it more closely resembles the in vivo state-astrocytic GABA A receptors (Liu et al. 1996) may also be targets of L-carnitine or D-methionine, but possible astrocytic GABA A receptor contributions to these compounds' neuromodulatory effects require further studies.
The promises and benefits of L-carnitine and D-methionine are already extending to clinical treatment of various neurological disorders. Thus, the mechanism of GABAergic modulation could perhaps serve to better explicate the role of L-carnitine and D-methionine in particular diseases. GABA A agonist actions, for instance, may be a direct cause of L-carnitine's analgesic effect in neuropathy (Chiechio et al. 2007 ). Anesthetic-induced damage presented as potentiation of the GABA A receptor, perhaps, was rescued by L-carnitine due to its competition for receptor binding with isoflurane (Zou et al. 2008) . The concept of excitotoxicity, the disturbance of membrane ionic balance that leads to degeneration-such as that induced by excess glutamate in Huntington Disease symptoms or methamphetamine-activated dopamine surge (Virmani et al. 2003; Vamos et al. 2010 )-may be more relevant in the discussion of the protective action of L-carnitine within the framework of the inhibitory neurotransmitter system. Likewise, we suspect that perhaps the protective mechanism of D-methionine against platinum toxicity observed in our previous study (Gopal et al. 2012 ) may partly be a counteracting measure against excitotoxicity by GABAergic inhibition.
In conclusion, we presented evidence that the antioxidants L-carnitine and D-methionine may modulate neuronal activity through reversible binding to the GABA A receptor(s), causing inhibition of spontaneous neuronal network activity. The agonist actions were competitively antagonized by bicuculline. Thus, our study presents a novel finding that not only contributes to the understanding of the mechanisms of L-carnitine and D-methionine, but also reiterates the importance of the GABAergic system in neurotransmission and neuroprotection. Moreover, as the search for and the development of neuroprotective compounds become an important aspect of neurological and otological research, we demonstrated that the in vitro neuronal network MEA platform serves as an effective network model for screening and investigation of new drug actions. We suspect that direct observations of changes in a dynamic, spontaneously active neuronal network, such as that demonstrated in this study, will be increasingly accepted as a unique and informative interrogation of the simultaneous manifestation of several pharmaceutical mechanisms.
